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Human Ul small nuclear RNA is encoded by approximately 30 gene copies. All of the Ul genes share several
kilobases of essentially perfect flanking homology both upstream and downstream from the Ul coding region,
but remarkably, for many Ul genes excellent flanking homology extends at least 24 kilobases upstream and 20
kilobases downstream. Class I Ul RNA pseudogenes are abundant in the human genome. These pseudogenes
contain a complete but imperfect Ul coding region and possess extensive flanking homology to the true Ul
genes. We mapped four class I pseudogenes by in situ hybridization to the long arm of chromosome 1, bands
q12-q22, a region distinct from the site on the distal short arm of chromosome 1 to which the Ul genes have
been previously mapped (Lund et al., Mol. Cell. Biol. 3:2211-2220, 1983; Naylor et al., Somat. Cell Mol.
Genet. 10:307-313, 1984). We confirmed our in situ hybridization results by genomic blotting experiments with
somatic cell hybrid lines with translocation products of human chromosome 1. These experiments provide
further evidence that class I Ul pseudogenes and the true Ul genes are not interspersed. The results, along with
those published elsewhere (Bernstein et al., Mol. Cell. Biol. 5:2159-2171, 1985), suggest that gene amplification
may be responsible for the sequence homogeneity of the human Ul gene family.

Ul small nuclear RNA (snRNA), as part of a small nuclear
ribonucleoprotein particle (snRNP), is an essential compo-
nent of the cellular apparatus for splicing the precursors of
mRNA. The 5' end of Ul snRNA is capable of base pairing
with the 5' end of introns (24), and enzymatic removal of this
region of the Ul molecule from an otherwise intact Ul-
snRNP specifically destroys the ability of the particle to
participate in splicing (16). Ul is a very abundant RNA
species in mammals, presumably because introns are com-
mon in mammalian genes, and cells meet the demand for Ul
RNA by having multiple Ul genes. The human haploid
genome contains about 30 Ul genes (19), which together
produce about 106 molecules of Ul per cell per generation
(29). The coding regions in each of the sequenced Ul genes
are identical (20), as expected for a homogeneous RNA
species (26), but analysis of the flanking sequences has
proved that they also are highly conserved for several
kilobases (kb) both upstream (20) and downstream (13). In
fact, as shown elsewhere (1), excellent flanking homology
between many human Ul genes extends even farther, for a
remarkable 24 kb upstream and 20 kb downstream, so that
each of these Ul genes is embedded in at least 44 kb of
nearly identical sequence environment. Although most or all
of the 30 Ul genes are known to be clustered in band p36 of
chromosome 1 (18, 25), the exact extent of the sequence
homology and the distance between the genes remain to be
established.

In addition to the active genes, the Ul multigene family
contains at least 500 to 1,000 unexpressed pseudogenes with
imperfect coding sequences (6). The pseudogenes can be
divided into at least three classes based on their structures.
Pseudogenes of classes II and III appear to have arisen by
transposition mechanisms involving the RNA molecule as an
intermediate, and in this respect, they resemble many other
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processed pseudogenes whose flanking regions do not re-
semble those of the active genes. In contrast, the Ul
pseudogenes of class I share both 5' and 3' flanking sequence
homology with the true Ul genes and thus appear to be
derived from the true genes through DNA-mediated mecha-
nisms that do not distinguish between flanking and RNA
coding regions. However, when we began these studies we
did not know whether class I Ul pseudogenes were the aging
ancestors or the degenerate descendents of the contempo-
rary family of true Ul genes.
The mechanism that maintains the homogeneity of multi-

ple Ul genes is unknown. As first noted by Edelman and
Gally (7), natural selection alone cannot act forcefully on a
single mutated member of a multigene family, because the
other members of the family should be sufficient to meet the
needs of the organism. Many mechanisms have been pro-
posed to explain the homogenization of multigene families
including gene conversion, unequal recombination, and gene
amplification. Whatever mechanism is responsible for main-
taining the homogeneity of the Ul coding regions, it must
also account for the homogeneity of at least 44 kb of DNA
sequence flanking many Ul genes, even though the rela-
tively small size of control sequences such as TATA boxes,
enhancers, and cap sites would not appear to require such
extensive conservation. We reasoned that the extraordinary
abundance of class I Ul pseudogenes compared with Ul
genes might be a byproduct of the homogenization process
(30). Therefore, we wished to determine whether the class I
Ul pseudogenes are interspersed with the Ul genes at lp36,
clustered at a different chromosomal location, or dispersed
throughout the genome. Knowledge of the chromosomal
map position of the genes and pseudogenes might allow us to
distinguish between various theories regarding the homoge-
nization of multigene families.
We describe here the mapping of four different class I Ul

pseudogenes to chromosomal region lql2-q22 by in situ
hybridization. These results were confirmed by Southern
blotting experiments in which one of the pseudogene probes

2172



Ul snRNA PSEUDOGENES CLUSTERED IN lql2-q22 2173

1 Kb -6

EcoRl BglIl

'A 99Kb * 5Kb
--_ I -

/

RsaI

-105 1 Kb

Pvu I Pvu E

1Kb -105

Pvuli Pvu

p5P2 -__
gene Hind DI PvuU

FIG. 1. Origins of the four class I U1 pseudogene probes (top four drawings) and one U1 gene probe (bottom drawing). The black arrows
represent the regions corresponding to sequences that code for Ul RNA. Boxed regions are those nucleotides that were subcloned into
pBR322 for use as hybridization probes. Distances are not shown to scale.

and a Ul gene probe were hybridized to DNA from several
somatic cell hybrid lines containing translocations that sep-
arated the Ul genes in lp36 from the pseudogenes in
lql2-q22. Therefore, the class I pseudogenes are not inter-
spersed with the true genes but are clustered at a different
chromosomal site. These results, along with the restriction
mapping, sequence analysis, and Southern blot analysis of
Ul genes and class I Ul pseudogenes presented elsewhere
(1), lead us to suggest that both the genes and pseudogenes
are arranged in large, irregular tandem arrays. We also argue
that repeated cycles of gene amplification best account for
the extraordinary sequence homogeneity of the contempo-
rary Ul gene family.

MATERIALS AND METHODS

Cell culture and production of somatic cell hybrids.
Chromosomes were prepared from phytohemagglutinin-
stimulated, methotrexate-synchronized cultures of lympho-
cytes from normal human donors as previously described (8).

Somatic cell hybrids were formed between Chinese ham-
ster cells (380-6) and human fibroblasts with a balanced
reciprocal translocation between the short arms of chromo-
somes 1 and 6 [46,XY,t(1;6)(p3200;p2100)] (see Fig. 4) (28).
The chromosomal constitution of the hybrids was deter-
mined by trypsin-Giemsa banding and confirmed by isozyme
analysis at the same passage as DNA extraction. Cell line
XV-18A-10a-D4 (hereafter referred to as XV-D4) contained
one copy of the derivative 1 chromosome [der(1)] per cell but
lacked the derivative 6 chromosome [der(6)] and normal
chromosome 1. Cell line XV-16A-F4 (XV-F4) contained one
copy of the der(6) per cell and no other chromosomes with
parts of chromosome 1. No part of chromosome 1 was
apparent in the karyotype of line XV-18A-8b-G1 (XV-G1)

(but see below), and line XV-18B-7a-N4 (XV-N4) had one
copy each of the der(1) and normal chromosome 1.

Plasmid construction. From four cloned class I Ul pseu-
dogenes, we subcloned fragments ranging in size from 1 to
1.7 kb for use as in situ hybridization probes. Probes pUl.la,
pUl.4a, and pPUF-15 were derived from clones XU1.1,
XU1.4, and XU1.15, respectively; the isolation of these
clones from a lambda bacteriophage library and their char-
acterization have been described previously (6). The pD8A
probe is a subclone of cosD8A, a clone isolated from a
cosmid library and described elsewhere (1). The four original
clones XU1.1, XU1.4, XU1.15, and cosD8A represent distinct
genomic loci, a conclusion based on both restriction map-
ping and direct DNA sequence analysis of the Ul RNA
coding regions (1, 6).

Figure 1 diagrams the derivations of the four class I Ul
pseudogene probes. Subclone pPUF-15 was constructed by
insertion of the BglII-EcoRI fragment, spanning the 5'
flanking sequences of XU1.15 from nucleotide -6 and ex-
tending 1 kb upstream, between the EcoRI and BamHI sites
of pBR322. The other three subclones were constructed by
insertion into the PvuII site of pBR322. Plasmid pUl.la
contains the PvuII fragment spanning nucleotides -105 to
-1100 of XU1.1. Plasmid pUl.4a contains a 1.0-kb PvuII
fragment that spans the Ul coding region of XU1.4, starting
at position -105. Plasmid pD8A contains a 1.7-kb RsaI
fragment of cosD8A, located 5 kb downstream from one of
the two class I pseudogene coding regions of cosD8A.
Surprisingly, pD8A cross-hybridizes with sequences in the
immediate 5' flanking regions of all Ul genes (1).
We used the true Ul gene subclone p5P2 (provided by T.

Manser) as a control for cross-hybridization between true
Ul genes and class I Ul pseudogenes. This plasmid consists
of a HindIII-PvuII fragment spanning nucleotides -105 to
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TABLE 1. In situ hybridizations with Ul pseudogene and Ul gene probes

Grains Grains
Concn Emulsion No. of Total over over 1p35- Grains over q/Probe (ngml) exposure cells no. of 1q12-q22totaof grainsoverp(ng/mi) (days) clsgrains O% of t3 %otal)nsovr

total) ttl

pPUF-15" 50 14 104 474 67 (14.1) 24 (5.1) 2.79
pPUF-15lab 50 14 34 129 26 (20.2) 17 (13.2) 1.53

pD8A" 25 10 27 76 27 (35.5) 9 (11.8) 3.00
pD8Aa 50 10 47 205 32 (15.6) 24 (11.7) 1.33

pUl.4a" 25 14 75 184 41 (22.3) 15 (8.1) 2.70

pUlla" 25 14 49 113 32 (28.3) 18 (15.9) 1.78

p5P2' 25 5 94 581 42 (7.2) 128 (22.0) 0.33

" Class I pseudogene probe.
b The same chromosome donor was used in all experiments except this one.
'Gene probe.

-2600 from the Ul gene HSD2 (20) that was cloned into
pBR322 between the HindlIl and PvtuII sites (Fig. 1).

In situ hybridization. Plasmids were labeled by nick trans-
lation with tritiated dATP, dCTP, and dTTP to specific
activities of 2 x 107 to 3.3 x 107 cpm/,lg. The probes were
hybridized to chromosomes overnight at 37°C by the method
of Harper and Saunders (11). After completion of the
washes, the chromosomes were stained with quinacrine
dihydrochloride (17). The slides then were coated with
Kodak NTB2 photographic emulsion, which was exposed
for 5 to 14 days at 4°C. After development of the emulsion in
Kodak Dektol at 15°C for 3 min, the chromosomes were
stained with quinacrine mustard dihydrochloride (15) and
then with 0.06% Wright stain in 0.06 M phosphate buffer (pH
6.8). This double-staining method permitted unequivocal
identification of all chromosomes, and grains could be easily
scored on the Wright-stained preparations.

Southern blotting experiments. DNA was isolated from
each of the somatic cell hybrid lines described above, from
the parental Chinese hamster cell line (380-6), and from the
placenta of a human individual unrelated to the donor of the
hybrid parental fibroblasts. DNA samples (10 ,ug) were
digested with PstI, resolved by agarose gel electrophoresis,
and transferred to nitrocellulose as described previously (2).
As hybridization probes we used either plasmid p5P2 labeled
by nick translation or mp9-PUF15 (the pPUF-15 insert in the
M13 mp9 vector; 23) labeled by primer extension (2). The
blot first was hybridized to mp9-PUF15, autoradiographed,
and then stripped of probe DNA by brief boiling in 0.1 x SSC
(lx SSC is 0.15 M NaCl plus 0.015 M sodium citrate) (27).
After another exposure of the blot to verify that the first
probe had been removed, it was rehybridized with p5P2 and
autoradiographed. Prehybridization and hybridization were
performed as described previously (6) but at 54 to 55°C.

RESULTS
The mapping of class I Ul RNA pseudogenes is compli-

cated by their considerable homology to the Ul coding and
flanking sequences. Under the relatively nonstringent con-
ditions of in situ hybridization, pseudogene probes would be
expected to cross-react with the true Ul genes. Because the
flanking homologies are less extensive (about 80%) than
those of the coding regions (about 95%) (6), we constructed
plasmids containing predominantly pseudogene flanking re-
gions for use in the mapping (Fig. 1). Probes pPUF-15 and

pU1.la are from the 5' flank of pseudogenes U1.15 and U1.1,
respectively. Probe pD8A is from the 3' flanking region of
the cosD8A-II pseudogene but is homologous to the se-
quences found at the 5' end of both Ul genes and other class
I Ul pseudogenes (see reference 1 for a description of the
probable evolution of the cosD8A locus). Although probe
pU1.4a contains the entire but defective Ul coding sequence
of the U1.4 pseudogene, most of the insert sequences are
from the 3' flank of the U1.4 pseudogene. Plasmid p5P2, with
sequences derived from the 5' flank of the true Ul gene
HSD2, was used as a control.

In situ hybridizations. The four pseudogene probes and the
Ul gene probe were used in a total of seven in situ hybrid-
izations to normal human chromosome spreads (Table 1).
For each hybridization with a pseudogene probe, the great-
est concentration of silver grains was over bands ql2-q22 of
chromosome 1 (Fig. 2 and 3). In each case, a smaller
percentage of the total grains was over bands p35-p36 of
chromosome 1, where the Ul genes are known to map (18,
25). When the hybridization of the Ul gene probe (p5P2) was
analyzed, the opposite result was found. That is, the greatest
concentration of grains was over lp35-p36 as expected, and
a smaller proportion was over lql2-q22 (Table 1).
Because the probes for class I Ul pseudogenes cross-

hybridize with the Ul genes, the results of these experiments
may be interpreted more easily by comparing, in each case,
the number of grains over the long-arm site (lql2-q22) to the
number of grains over the short-arm site (lp35-p36) in the
form of a ratio (last column of Table 1). This ratio can be
manipulated experimentally, as seen in the two pD8A hy-
bridizations. At the lower probe concentration of 25 ng/ml,
the ratio was larger and the lq site appeared to be the major
site of hybridization. The different ratios in the two pPUF-15
experiments at the same probe concentration of 50 ng/ml
may reflect individual differences in the number of Ul genes
and class I pseudogenes, since different chromosome donors
were used. In any case, the q/p ratios for the pseudogene
experiments were all greater than 1 (1.33 to 3.00), but with
the true Ul gene probe (pSP2) the ratio was much less than
1 (0.33). The results indicate that all four of these class I Ul
pseudogenes map to lql2-q22.
The statistical significance of the data was determined by

chi-square analysis, in which the number of grains observed
over a chromosome arm was compared to the number
expected based on the length of the arm. For every experi-
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FIG. 2. Normal human metaphase chromosomes stained with Wright stain after in situ hybridization. (A) Representative cell after
hybridization with probe pD8A. Arrows point to silver grains just below the heterochromatic regions of the long arms of both chromosomes
1. (B) Pairs of chromosomes 1 after hybridization with the pseudogene probes (upper four rows) and the Ul gene probe (bottom row).
Arrowheads mark the locations of grains. For each of the pseudogene probes, most of the grains were seen just below the heterochromatic
region of lq, but some grains were over region lp35-p36. For the p5P2 gene probe, most of the grains were over the lp site, but some were

over region lql2-q22.

ment the amount of label over lq and the amount over lp
were highly significant (P < 0.0001). In only one case did we
observe a higher number of grains than expected over a
chromosomal arm: in the pU1.4a experiment, eight grains
were counted over the short arm of chromosome 19,
whereas only two were expected. The possibility of a third
site of hybridization was evaluated by scoring the grains
over chromosome 19 in 50 additional cells from the same
experiment. In these cells, only one grain was over 19p,
exactly the number expected by chance. Therefore, the
excess of grains over l9p in the first group of 75 cells may be
explained as a sampling error. In addition, no label above
background was observed over l9p with the other three
pseudogene probes or with the Ul gene probe. Although
single copy sequences are routinely detected with this tech-
nique with probes even smaller than 1 kb, none of the four
pseudogene probes hybridized significantly to sites other
than lql2-q22 and lp35-p36. It is unlikely that class I Ul
pseudogenes are present elsewhere in the human genome.
Genomic blotting with hybrid cell lines. The results of the in

situ hybridizations suggest that most or all class I Ul
pseudogenes are clustered in lql2-q22 and that most or all
true Ul genes are clustered in lp35-p36. However, using this
approach we could not exclude the possibility that some Ul
genes are interspersed with class I pseudogenes or vice

versa. Therefore, we analyzed the human Ul gene family by
genomic blotting with somatic cell hybrid lines to look for a

low level of interspersion of Ul genes and class I pseudo-
genes.
Our analysis was based on the observation that Ul genes

lie on restriction fragments of characteristic size and can be
readily distinguished from class I pseudogenes by genomic
blotting. In particular, digestion of human DNA with PstI
divides the 30 true Ul genes into two approximately equal
groups; the p5P2 Ul gene probe reacts with PstI fragments
of 3.9 and 2.6 kb, each present in approximately 15 copies
per haploid genome (1, 20). This restriction-fragment-length
polymorphism reflects minor sequence heterogeneity and is
completely consistent with our conclusion that many true Ul
genes share at least 44 kb of nearly perfect flanking homol-
ogy (1). In contrast, sequences flanking the many class I Ul
pseudogenes are much more diverse, and PstI digestion
probably divides them into fragments of many different
lengths. However, at high stringency, the mp9-PUF15
probe, which contains a class I Ul pseudogene on a 2.3-kb
PstI fragment, hybridizes only with fragments that are 3.9,
2.3, and 1.8 (doublet) kb in length; the major 2.3-kb fragment
is present at approximately one copy per haploid genome.
Apparently, the mp9-PtJF15 pseudogene probe cross-
hybridizes weakly with the 10 to 15 copies of the 3.9-kb PstI
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FIG. 4. Ideograms demonstrating the derivation of the balanced reciprocal translocation in the human parental fibroblasts

[46,XY,t(1;6)(p3200;p2100)] used to form the series XV cell hybrids. The black line indicates the sites of breaks in chromosomes 1 and 6 that
generated the der(1) and der(6) by reciprocal exchange.

true gene fragment or with another class I pseudogene which
lies within a 3.9-kb PstI fragment (see below).
The DNA used in this analysis was obtained from somatic

cell hybrids constructed from human parental cells with a
balanced reciprocal translocation between the short arms of
chromosomes 1 and 6 [46,XY,t(1;6)(p3200;p2100)] (28) (Fig.
4). Thus, this translocation should separate the site in lq
assumed to carry the class I Ul pseudogenes from the site in
lp assumed to carry the true genes. One hybrid cell line,
XV-D4, isolated the der(1) away from the der(6) and normal
chromosome 1. Another line, XV-F4, isolated the der(6)
away from the der (1) and chromosome 1. Cell line XV-G1,
lacking both the lq and the lp site, served as a negative
control, whereas cell line XV-N4, with an intact chromo-
some 1 as well as the der(1), was a positive control.
Even at the high stringency attainable in Southern blot-

ting, cross-hybridization between genes and pseudogenes
cannot be completely avoided. However, the results are
always interpretable because of the restriction-fragment-
length polymorphisms. If the class I pseudogenes all lie
within lql2-q22 and the Ul genes are all within lp35-p36, the
characteristic pseudogene bands will be present only when
the cell line contains chromosome 1 or the der(1) (as in
XV-N4 and XV-D4, respectively); the characteristic gene
bands will be present only when chromosome 1 or the der(6)
is present in the hybrid (as in XV-N4 and XV-F4, respec-
tively).
When pseudogene probe mp9-PUF15 was hybridized to

DNA from line XV-D4 with the der(1), PstI fragments
characteristic of pseudogenes (2.3 kb and a 1.8-kb doublet)
were observed (Fig. 5A); a 3.9-kb fragment found with both
gene and pseudogene probes also was present. In hybrid

XV-F4 containing the der(6), fragments characteristic of Ul
genes (3.9 and 2.6 kb) were detected. The positive control
(hybrid XV-N4), with an intact chromosome 1, had all gene
and pseudogene bands. The negative control (cell line
XV-G1) had a single, very faint band at 2.3 kb. Although no
part of chromosome 1 is apparent in the karyotype of this
hybrid, sequences on the chromosome 6-derived portion of
the der(6) also have been detected at a low level in the
absence of cytologically detectable fragments of chromo-
some 6 (B. de Martinville and U. Francke, unpublished
data). Therefore, the der(6) or a rearranged form of it may be
present in this hybrid at a very low copy number. In any
case, genomic blotting with a pseudogene probe demon-
strates that the reciprocal translocation does separate the
true Ul genes from the class I Ul pseudogenes.
We confirmed this result by rehybridizing the same blot of

hybrid cell DNA with the Ul gene probe p5P2 (Fig. SB).
Although this probe cross-hybridized with the class I Ul
pseudogenes at the relatively low stringency of in situ
hybridizations, it did not cross-hybridize at the higher strin-
gency of genomic blotting. No bands were seen in the DNA
containing only the 18 site (XV-D4) or in the negative control
DNA (XV-G1). The hybrid containing only the lp site
(XV-F4) had the 3.9- and 2.6-kb bands characteristic of the
Ul gene, but it also had a 2.3-kb band. This band is not the
2.3-kb pseudogene band: since the relatively long insert of
the p5P2 probe spans a PstI site, we evidently detected the
2.3-kb PstI fragment lying immediately upstream of the 2.6-
or 3.9-kb gene fragment. This upstream fragment is also
present in the reconstruction lane (lane R of Fig. 5) and only
coincidentally, overlaps the pseudogene band. The 1.8-kb
pseudogene band was not detected in any of the hybrid lines.

VOL. 5, 1985
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FIG. 5. Southern blot of DNAs digested with PstI and hybridized first with pseudogene probe mp9-PUF15 (A) and then with true gene
probe p5P2 (B). The first four lanes contain DNA from hybrid cell lines XV-D4, XV-F4, XV-G1, and XV-N4. The remaining lanes contain:
CH, DNA from the Chinese hamster parental cells (380-6) used to construct the somatic cell hybrids; H, human placental DNA; R, genomic
reconstruction containing five copy equivalents each of HSD2 (a true Ul gene) and U1.15 (a class I Ul pseudogene); and M, lambda DNA
digested with HindIll as markers.

The fact that the pseudogene probe cross-hybridizes to
true Ul genes (XV-F4), whereas the gene probe does not
cross-react with pseudogenes (XV-D4), can be readily ex-
plained by reconstruction experiments. When a mixture of
PstI-digested cloned Ul gene and U1.15 DNA was hybrid-
ized with pseudogene probe mp9-PUF15 (Fig. 5A, lane R),
the five copy equivalents of the pseudogene (2.3-kb band)
gave a much stronger signal than did the five copy equiva-
lents of the gene DNA (2.6-kb band). Thus, the bands in
XV-F4 DNA probably represent many copies of weakly
hybridizing Ul genes. Although the true Ul genes with
highly conserved flanking sequences are all found on 2.6- or
3.9-kb PstI fragments, it is likely that Ul pseudogenes,
which,have much more divergent flanking sequences than do
the true genes, reside on PstI fragments of many different
sizes. Therefore, too few copies of Ul pseudogenes may be
present within a given restriction fragment length in PstI-
digested XV-D4 DNA to produce a detectable hybridization
signal with the p5P2 gene probe.

Despite the complexities presented by the genomic blots
(Fig. 5), the data indicate that the Ul genes segregate with
the lp chromosomal site and the class I pseudogenes segre-
gate with the lq site. We conclude that none or very few of
the class I pseudogenes are interspersed with the Ul genes
and none or very few of the Ul genes are interspersed with
the pseudogenes.

DISCUSSION
Very little is understood about the maintenance of homo-

geneity among members of large mammalian gene families
such as those encoding rRNA, 5S RNA, or Ul and U2
snRNAs. For gene families with only a few members, it is
conceivable that natural selection alone maintains the iden-
tity of the gene copies, because a defect in a single gene
could have an effect on the fitness of the organism. In
contrast, the existence of many wild-type genes in a large
gene family would shield each individual gene copy from the
full force of natural selection, and we might have expected
that each member of the family would accumulate a different

set of mutations. This, however, is not the case. Large gene
families display as much, and often more, homogeneity than
do small gene families. We studied the genomic organization
of the Ul snRNA family of genes and pseudogenes in the
hope of reconstructing its evolutionary history, and thus
providing a factual basis for speculation regarding the mech-
anisms that might be responsible for maintaining the extraor-
dinary homogeneity of the contemporary family of true Ul
genes.
To determine the chromosomal organization of the human

Ul RNA multigene family, we used probes for four different
class I Ul pseudogenes in hybridizations to metaphase
chromosomes. Although Ul pseudogenes of this class are
closely related to each other and to the true Ul genes, we
were able to reduce the expected amount of cross-
hybridization by using probes from flanking legions that are
more divergent than the actual coding regions. The results of
in situ hybridizations with the pseudogene probes were
compared with results obtained from hybridization with a
true gene probe. For each pseudogene probe, the major site
of hybridization was the proximal long arm of chromosome
1 (region lql2-q22); however, a minor signal was also
detected on the distal short arm of chromosome 1 (region
lp35-p36) at the location of the bona fide Ul genes (18, 25).
These data strongly imply that all four pseudogenes map to
lql2-q22. This assignment was confirmed by Southern blot-
ting experiments with DNA from rodent-human hybrid cell
lines containing reciprocal translocation chromosomes that
separated the lq site of the class I pseudogenes from the lp
site of the true Ul genes. Restriction fragments of lengths
characteristic of the class I Ul pseudogenes segregated with
the chromosome containing lq, whereas fragments charac-
teristic of the Ul genes segregated with the chromosome
containing distal lp. Thus, Ul pseudogenes do not appear to
be interspersed with the Ul genes, or vice versa.
Genes cannot be assigned reliably to a single chromosomal

band by in situ hybridization to normal chromosomes,
because the silver grains seen after autoradiography are the
result of random radioactive disintegrations in three dimen-
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sions (12). Consequently, we assign the class I Ul pseudo-
genes to a three-band region, 1q12-q22. However, this region
includes the large heterochromatic region (1q12) on the long
arm of chromosome 1. In fact, most of the grains over this
band were over the distal portion. Heterochromatin is
thought to be composed largely of relatively simple repeated
sequences and is generally assumed to be condensed, tran-
scriptionally inactive chromatin (4, 5). Thus, the class I Ul
pseudogenes, which presumably were active genes at one
time, are unlikely to lie within even the distal portion of the
heterochromatin; however, we have not ruled out this pos-
sibility.
Our in situ and genomic blotting experiments with the true

Ul gene probe p5P2 confirm the Ul gene assignment to
1p36. 1 by Naylor and colleagues (25), which they made by in
situ hybridization with the same gene probe. (Band lp36.1 of
the standard ISCN 1981 nomenclature (14) corresponds to
band lp36.3 in the nomenclature of Naylor et al.) Band
lp36.1 would appear to be the most likely location of the Ul
genes (Fig.3), but we cannot rigorously exclude band lp36.2
on the basis of our in situ hybridization data. Our results also
strengthen and extend the conclusion that most true Ul
genes are within this region of lp (25). In their experiments,
Naylor et al. (25) detected a second, minor site of hybrid-
ization in lq and suggested that this might represent one or
a few Ul genes. Based on our results, this signal was
probably the result of cross-hybridization of the Ul gene
probe with class I Ul pseudogenes in lql2-q22.

Because all four of the pseudogenes we examined map to
region lql2-q22, the class I pseudogenes must be at least
loosely clustered. In addition, two different pseudogenes
have been isolated on the same recombinant cosmid
(cosD8A; see reference 1). Although these two pseudogenes
are closer together than most of the other class I pseudo-
genes, the relative homogeneity of all characterized class I
pseudogenes suggests that these pseudogenes may be orga-
nized in an irregular tandem array. The bona fide Ul genes
must be at least loosely clustered, because most or all of
them map to 1p36. However, no two Ul genes have ever
been found together on the same cosmid, nor has the
distance between Ul gene copies been established by chro-
mosomal walking. Nevertheless, the extensive conservation
of sequences flanking Ul genes (over 44 kb in many cases)
and the common chromosomal location of all true Ul genes
suggest that the genes are also organized in an irregular
tandem array. The simplest explanation of the available data
is that human Ul genes were once located in the region
1q12-q22. One of the copies was amplified, and the new
copies were moved to lp36 either as part of the amplification
process or subsequent to it. The genes in lp then became the
predominant cluster of active genes, and those in lq contin-
ued to diverge. A more complete discussion of this theory
and the arguments in favor of it are contained in reference 1.
As noted previously (17), the location of the tandemly

repeated human U2 genes in 17q21-q22 correlates exactly
with one of the three major chromosomal modification sites
of adenovirus type 12. The other two major modification
sites 1p36 and 1q21 correspond surprisingly well with the
location of the Ul genes and class I Ul pseudogenes. These
three major sites and several minor sites (one near the 5S
RNA genes) often appear decondensed or fragile in meta-
phase chromosomes examined shortly after infection with
highly oncogenic adenoviruses (21, 22, 31). Because of the
coincidence of the adenovirus modification sites with
snRNA gene loci, it was proposed that the highly transcribed
snRNA genes are the major targets of chromosome modifi-

cation by adenovirus 12 (17). It also was suggested that band
1q21 might be modified because the class I Ul pseudogenes
retain functional regulatory sequences. We note, however,
that a histone gene cluster has subsequently been mapped to
proximal lq (10), and it is possible that these highly tran-
scribed genes rather than the Ul RNA pseudogenes might be
the targets of modification. Activation or repression of
snRNA genes by an adenoviral gene product (3) could
account for the chromosomal modification. Alternatively,
viral integration may occur at cellular sites that are actively
transcribed; recently, adenovirus types 2 and 12 were found
to integrate at chromosomal sites encoding snRNA species
(9). Further experiments will be required to determine the
significance of the correlation of adenovirus modification
sites and snRNA genes.
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